Summary. Nuclear decondensation of spermatozoa induced by heparin, reduced glutathione (GSH) or a mixture of heparin and GSH was studied using frozenthawed human spermatozoa. The 
spermatozoa.
Fertilization of hamster oocytes was attempted using spermatozoa recovered in the 90% Percoll fraction and resistant to heparin\p=n-\GSHdecondensing mixture. Although insemination used a constant number of motile spermatozoa, fertilization rates were higher after treatments with heparin and GSH alone than in control or heparin\p=n-\ GSH-treated samples. In addition the number of spermatozoa that attached to the oocyte plasma membrane was a sixth or a half for sperm pretreated with heparin\p=n-\GSH or heparin alone, respectively compared with untreated values. However, there was no evidence for induced acrosomal reaction by heparin and GSH, at least at the concentrations used.
Qualitative analyses of heparin-binding sites were performed on untreated spermatozoa recovered in the 90% Percoll fraction by incubating spermatozoa in the presence of heparin covalently linked to albumin and coupled to colloidal gold (5 nm) . Among this population of spermatozoa, 40\m=.\5%bound heparin\p=n-\gold and labelling was mainly observed on the sperm head surface (88% of labelled spermatozoa) with (59\m=.\5%) or without (28\m=.\5%) tail labelling. Only a small proportion (23%) of spermatozoa that attached to the oocyte plasma membrane bound heparin\p=n-\goldconjugate and only weak labelling was observed on the sperm head. Moreover, the proportion of spermatozoa that bound heparin\p=n-\goldconjugate decreased (r = \m=-\0\m=.\77,
Introduction
After sperm-egg fusion, the first events that permit a male contribution to the embryonic genome are nuclear decondensation of spermatozoa and male pronuclear formation. It has been postulated that adequate condensation and stability of sperm chromatin is essential to protect the genome from physical, chemical and mutagenic agents until the male gamete reaches the egg (Saowaros & Panyim, 1979;  Bustos-Obregon & Leiva, 1983 ). An adequate decondensation of sperm chromatin is also necessary for male pronucleus formation after fertilization.
Nuclear decondensation in spermatozoa has been induced in vitro by several chemical agents (reviewed by Huret, 1986) . Among these agents, glycosaminoglycan (GAG) heparin, when used alone and at high nonphysiological concentrations (0-2-2 mmol l"1), was found to have specific decondensing ability in the human sperm nucleus (Delgado et ai, 1980) . GAGs also stimulate the acrosome reaction in mammals (bulls: review by ; pigs: Reyes et ai, 1984; rabbits: Lenz et ai, 1983; hamsters: Meizel & Turner, 1986) and humans (Valencia et ai, 1984; Delgado et ai, 1988) . Moreover, heparin binds to the membrane of human spermatozoa (Delgado et ai, 1982) probably at the sites of heparin-binding proteins of seminal plasma origin Nass et ai, 1990 ) with a binding process analogous to that of cell surface receptors (Delgado et ai, 1982; Handrow et ai, 1984) . Heparin may cause destabilization of the membrane of spermatozoa, ensuring an acrosomal reaction and internalization of GAGs and inducing the decondensation process in the sperm nucleus (Delgado et ai, 1982; Reyes et ai, 1984) . Moreover, GAGs are present in the genital tracts of men (Sampaio et ai, 1985) and women (Lee & Ax, 1984) and in follicular fluid (Grimek et ai, 1984) . A heparin-like GAG from bovine oviductal fluid may induce capacitation of bovine spermatozoa (Parrish et ai, 1989) .
Reduced glutathione (GSH), a tripeptide containing cysteine and the most abundant nonprotein thiol in several mammalian cells, maintains reducing ability in the cell (Jocelyn, 1972) . A GSH concentration of 8 mmol l"1 per mature hamster oocyte has been estimated by Perreault et al. (1988) using enzymatic microassay. It has been suggested that GSH plays a role in nuclear decondensation of spermatozoa as a possible effector of disulphide bond reduction in sperm chromatin (reviewed by Zirkin et ai, 1985) .
When 31-6 pmol heparin 1"
' was associated with 5 mmol GSH 1"
' in sperm suspension (Reyes et ai, 1989 ) the same high proportion of decondensing spermatozoa was obtained (90%) as with 2000 pmol heparin l"1 alone (Delgado et ai, 1980) . However, the time needed to obtain 90% decondensed spermatozoa was 1 and 6 h, respectively. Sulfhydryl compounds such as reduced glutathione (GSH) and dithiothreitol (DTT), even at high concentrations, cannot induce decon¬ densation of sperm nuclei (Kvist, 1980; Huret, 1986 ) except after addition either to detergents (Evenson et ai, 1978; Sobhon et ai, 1981; Bustos-Obregon & Leiva, 1983) or to other compounds (Gall & Ohsumi, 1976) .
The aim of this study was to induce nuclear decondensation of spermatozoa artificially and to evaluate the fertilizing ability of those human spermatozoa that were resistant to heparin or heparin-GSH decondensing agents. As motility and fertilizing ability of spermatozoa are lost if decondensation occurs before spermatozoa-oocyte interaction, Percoli gradient centrifugation was used to eliminate the population of decondensed spermatozoa and to recover intact spermatozoa. Fertilization was then assessed in the human-hamster heterospecific model.
Materials and Methods

Preparation of spermatozoa
The same frozen ejaculate from donor A was used to study nuclear decondensation of spermatozoa and fertilizing ability of spermatozoa after various treatments. Frozen spermatozoa allowed the use of several straws for successive assays and limited inter-and intra-individual variations of sperm parameters. Frozen semen from five donors, includ¬ ing donor A, permitted identification of heparin-binding sites and analysis of acrosome status in treated spermatozoa. The cryoprotectant medium and the freezing method used were as described by Jondet (1976 (Bellin & Ax, 1987) or GSH (8 mmol 1" ') in hamster oocytes (Perreault et ai, 1988 
Collection of hamster oocytes and fertilization
Virgin golden hamsters were induced to superovulate by intraperitoneal injection of 40 iu pregnant mares' serum gonadotrophin (PMSG; Intervet, 49100 Angers, France), followed by 40 iu human chorionic gonadotrophin (hCG; Intervet) 72 h later. Animals were killed 15-17 h after hCG injection. Cumulus cells were dispersed with 01% hyaluronidase (bovine testis, type I: Sigma), and zonae pellucidae were removed by treatment with 005% trypsin (type I, Sigma) solution in PBS-BSA. Zona-free oocytes were thoroughly rinsed in fresh PBS-BSA medium after each enzymatic treatment and finally placed in B2 medium at 37°C under 5% C02. Concentration of spermatozoa in the insemination medium was 0-70-0-75 106 spermatozoa ml"'. Insemination medium was placed into macrowells (400 µ per well) of Nunclon delta dishes (Nunc, Roskilde, Denmark) before addition of 13-26 zona-free oocytes and the culture was performed in a C02 incubator (37°C, 5% C02).
Control of nuclear decondensation of spermatozoa
Analysis of spermatozoa was performed on each sample before Percoli centrifugation. Motile and nonmotile spermatozoa were counted with the help of a Malassez cell (depth: 0-2 mm; area: 00025 mm2). The proportion of decondensed spermatozoa was assessed before Percoli gradient centrifugation by using either the method of Krzanowska (1982) with absolute ethanol: glacial acetic acid (3:1) fixation of sperm samples followed with toluidine blue staining or the method of Kvist ( 1980), slightly modified, in which nonfixed sperm samples were placed between a slide and a coverslip and observed under a phase contrast microscope ( 400). Sperm nuclei were considered 'decondensed' when sperm nuclear swelling was observed in comparison with the intact sperm nucleus (Fig. la, b ). Percentages were calculated from at least 200 spermatozoa per preparation.
Identification of heparin-binding sites on human spermatozoa
Qualitative analysis of heparin-binding sites on human spermatozoa was performed by phase-contrast microscopy ( 1000). A solution of spermatozoa (1 ml B2) was incubated for 30 min with heparin-albumin, gold-labelled (H 9516, 5 nm gold particle diameter, Sigma) at 1:500 dilution, then washed. The sperm pellet was resuspended in 0-5 ml glutaraldehyde (10%) for 5 min, then washed with distilled water and the final pellet spread and air-dried on a slide as for cytological preparation. Precipitation of metallic silver occurred from addition of silver enhancer solutions (Silver Enhancer Kit: Sigma) to the cytological preparation; this enlarged colloidal gold labels, yielding high-contrast signals visible by light microscopy. The preparation was finally fixed by immersing the slide in 2-5% aqueous sodium thiosulfate pentahydrate for 3 min, then rinsed in distilled water and a coverslip was mounted over Glycergel (Dako Fig. 1 (Fig. 2a-g ). Occasionally very compacted grains appeared réfringent with a gold metallic aspect (Fig. 2b) .
Four experiments were performed to determine the specificity of this procedure. 53-7, 31-3, 19-7, 17-7 Identification of heparin-binding sites on spermatozoa bound to zona-free hamster oocytes was assessed after insemination with washed sperm not submitted to Percoli selection but suspended in 1 ml B2 medium (Lassalle & Testart, 1989) . Heparin-gold conjugate was added 30 min before insemination with the sperm sample and remained present during sperm-egg interaction. Three hours after insemination, eggs were thoroughly washed, then fixed (45 min) with 3% (w/v) paraformaldehyde in PBS, washed twice in distilled water and air-dried on a slide. The Silver Enhancer Kit procedure was performed as described above and a coverslip was mounted over Glycergel.
Evaluation of viability and acrosome status of spermatozoa treated with heparin
The double-staining technique using single-wavelength fluorescence microscopy was performed to evaluate the viability and acrosome status of spermatozoa as previously described (Centola et ai, 1990) . Sperm cells were stained with propidium iodide (PI) in combination with fluorescein isothiocyanate (FITC)-conjugated Pisum sativum agglutinin (PSA) which binds to the acrosome content of permeabilized acrosome-intact spermatozoa (Cross et at, 1986) . At least 100 sperm cells were counted for each specimen. 
Control of fertilization
Results
The percentages of decondensed spermatozoa estimated before Percoli gradient centrifugation increased in samples treated with heparin-GSH (37-6%) and heparin (22-1%) compared to GSH-treated (4-3%) and control (15%) spermatozoa (Table 1 ). In samples that were fixed by acetic alcohol the corresponding results were 6-5, 560, 70-5 and 570%, respectively. However, the percentage of decondensed pretreated spermatozoa in the 90% Percoli fraction was very low (1-2%) and similar to that of untreated spermatozoa, whereas, in the 70 or 50% Percoli fractions, decondensed and free tail spermatozoa were observed in high proportions.
The concentration of spermatozoa recovered in the 90% Percoli fraction decreased in samples pretreated with heparin-GSH (21 106 ml"1) or heparin (4-6 106 ml"1) compared with control (7-4 106 ml"1) and GSH-pretreated (71 106 ml"1) samples (Table 1 ). In addition the total number of spermatozoa recovered decreased when the rate of decondensed spermatozoa before centrifugation increased (r = -0-99, < 0001). However, comparable numbers of motile spermatozoa were recovered from control and pretreated samples ( Table 1 ) . As the number of motile spermatozoa was not modified by the treatments, fertilization was assayed using a constant initial number of motile spermatozoa (0-70-0-75 106 ml"1) then pretreated or untreated and submitted to Percoli gradient centrifugation. Penetrated oocyte rate increased using spermatozoa pretreated (Table 2) . However, the proportions of living acrosome-reacted spermatozoa were similar after treatment of spermatozoa with either heparin (43-8%), GSH (34-9%) or heparin-GSH mixture (29-1%) compared with the control (45-8%). Qualitative analysis of heparin-binding sites on human spermatozoa was performed with untreated (control) spermatozoa recovered in the 90% Percoli fraction (Fig. 2f) . Among this popu¬ lation (7-4 106 spermatozoa ml"1), 40-5% (30 106 ml"1) of spermatozoa bound heparingold conjugate. The spermatozoa that did not bind heparin-gold conjugate were at a concentration (4-4 106 ml"1) very similar to that recovered after pretreatment with heparin (4-6 106 ml"1) (Table 1) . Heparin-binding sites were observed either on the sperm head (Fig. 2d) (28-5% of 200 spermatozoa labelled with heparin-gold conjugate) or on the sperm tail (Fig. 2e) (120%) or both ( Fig. 2a-c) (59-5%) . Moreover the proportion of spermatozoa that bound heparin-gold conjugate decreased (r = -0-77, < 00001) with an increasing concentration of motile spermatozoa in the sample.
Some 77-3% of non-Percoll-selected spermatozoa that bound to the hamster oocyte membrane were not labelled with heparin-gold conjugate (Fig. 2g) . When labelling occurred, it consisted of some dark grains on the surface of the sperm head.
Discussion
The capacity of heparin, GSH and heparin-GSH mixture to induce nuclear decondensation of spermatozoa was compared in frozen-thawed human spermatozoa. According to Delgado et al. (1980) high concentrations of heparin can decondense nuclei of human spermatozoa: 15-83% of sperm nuclei decondensed after incubation for 6 h in the presence of 200-2000 pmol heparin l"1, respectively. In the present study, nuclear decondensation of spermatozoa affected 22% of nuclei of spermatozoa after 1 h incubation with 30 pmol heparin 1~1. The freezing and thawing process does not markedly affect the heparin-binding capacity of human spermatozoa (Laiich et at, 1989) . How¬ ever, cryopreservation induces severe damage to plasma membrane of spermatozoa in at least 70% of frozen-thawed spermatozoa (Mahadevan & Trounson, 1984; Barthélémy et ai, 1990 ). Jager et ai (1990) suggested that heparin acts directly on the chromatin mass, inducing nuclear decondensa¬ tion of spermatozoa only in spermatozoa with severely damaged membranes, as occurs after freez¬ ing and thawing or detergent action. Since, in our study, there was no effect of GSH (a membraneimpermeable tripeptide) on nuclear decondensation of spermatozoa, cryopreservation seems unable to facilitate internalization of GSH into the sperm nucleus. Disulfide-reducing agents such as dithiothreitol (Mahi & Yanagimachi, 1975; Gall & Ohsumi, 1976; Evenson et ai, 1978; Sobhon et ai, 1982; Zirkin et ai, 1985) or reduced glutathione (Mahi & Yanagimachi, 1975; Gall & Ohsumi, 1976; Reyes et ai, 1989) have no effect on nuclear decondensation of spermatozoa when used alone. However, adding a detergent (sodium dodecyl sulfate, SDS; Triton X-100) facilitates the internalization of these reducing agents followed by the induction of nuclear decondensation of spermatozoa (review by Huret, 1986 ). The high rates of nuclear decondensation of spermatozoa observed when GSH was mixed with heparin could result from GSH internalization and suggest that in addition to damage to sperm membranes provoked by freezing and thawing facilitating internalization of heparin, there is a direct action of heparin on sperm membranes.
Reyes et al. (1989) reported maximal nuclear decondensation of spermatozoa (90% of spermatozoa) in fresh spermatozoa incubated for 60 min with 5 mmol GSH 1 " ' and 20-30 pmol heparin l"1 at 37°C. In our study, only 37-6% of frozen-thawed spermatozoa decondensed using comparable conditions. Freezing and thawing of human semen seems per se to induce chromatin 'overcondensation' (Royere et ai, 1988) and probably reduces the decondensing ability of spermatozoa. Moreover, nuclear decondensation of spermatozoa was estimated by different methods in our study compared with that of Reyes et ai (1989) . Cell fixation with acetic alcohol was not an instantaneous process and alcohol was shown to induce sperm membrane permeabilization (Cross et ai, 1986) facilitating rapid internalization of GSH and heparin into the nucleus of spermatozoa. We found that fixation of spermatozoa with acetic alcohol increased nuclear decondensation of spermatozoa compared with unfixed samples (570 versus 37-6%), particularly in spermatozoa pretreated with GSH alone (70-5 versus 4-3%).
The proportion of decondensed pretreated spermatozoa was lowered and became comparable to that of untreated spermatozoa (1-2%) when estimated after Percoli gradient centrifugation. Percoli gradient centrifugation eliminated most of the spermatozoa that decondensed after heparin or heparin-GSH pretreatments. It is unclear whether the motile spermatozoa that were recovered after either pretreatment or absence of treatment came from similar initial populations. Our results show that a major proportion of motile spermatozoa were resistant to heparin (or heparin-GSH) effects on nuclear decondensation of spermatozoa. Moreover, we have observed a close relation between motility and the inability of spermatozoa to bind heparin (r = -0-77, < 0 001).
Human spermatozoa lose motility when demembranated with detergents (Triton X-100) (Langlais et ai, 1981) . Heparin-binding sites might be revealed when membranes of spermatozoa are sufficiently damaged. Motile frozen-thawed spermatozoa, the membranes of which were resistant to cryopreservation stress, could also be resistant to heparin action.
Decondensed spermatozoa lost motility and are thought to be unable to fertilize oocytes. Percoli gradient centrifugation physically eliminates this population of spermatozoa before insemination. Our results show a drastic decrease in sperm attachment to the oocyte plasma mem¬ brane after treatments with heparin. The number of spermatozoa attached to the oocyte was divided by six or two after sperm pretreatment with heparin-GSH or heparin alone, respectively.
We conclude that certain motile spermatozoa that are resistant to nuclear decondensation induced by heparin or heparin-GSH lose their capacity to bind the oocyte. Although motility of spermato¬ zoa was inversely correlated with ability to bind heparin, heparin could modify the number of spermatozoa involved in the fertilization process by causing head-to-head sperm agglutination (Miller & Ax, 1989) or by decreasing capacity of spermatozoa to recognize the oocyte membrane after alterations in surface antigens as observed in bulls by Miller & Hunter (1986 (Bronson & Fusi, 1990 ). Fibronectin and fibronectin-related peptides have been found on human sperm membranes . Furthermore, human spermatozoa bind to collagen-and heparin-coated beads (De Felici et ai, 1990) . It is possible that certain heparin-binding proteins present on sperm membranes intervene in spermatozoa-oocyte recognition, a process altered by addition of free heparin in the extracellular medium. However, certain frozen spermatozoa have fragile membranes, and heparin might decon¬ dense their nuclei excluding them from competition in oocyte fertilization, although they would probably bind to the oocyte surface in the absence of heparin. This could explain the higher number of spermatozoa bound per egg in untreated than in treated sperm samples.
The effects of heparin on binding of spermatozoa to the oocyte membrane were amplified in the presence of GSH. Since cell membranes are not permeable to GSH it was probably the destabilization of sperm membranes by heparin that facilitated GSH internalization resulting in the drastic physiological changes observed in our study. Although GSH reduced attachment of guinea-pig cauda epididymal spermatozoa to the vitelline surface (Yanagimachi et ai, 1983), we did not observe a reduction in the number of attached spermatozoa after pretreatment with 5 mmol GSH1"1.
Polyspermy decreased after pretreatment of spermatozoa with heparin as a consequence of fewer spermatozoa attached to the egg surface. Since fertilization rate was not drastically modified, we observed higher penetration rate following pretreatments with heparin or GSH alone than in either control or heparin-GSH pretreated samples. Heparin has been shown to stimulate capacitation and acrosome reaction in human spermatozoa (Valencia et ai, 1984; Delgado et ai, 1988) , whereas GSH was reported to inhibit capacitation of guinea-pig spermatozoa at very high concen¬ trations (40mmol l"1) (Fleming et ai, 1986) . From the data of Fleming et ai (1986) a moderate increase (about 10%) in percentage of acrosome-reacted spermatozoa was noted after treatment with 5 mmol GSH 1_1. However, there was no evidence for a heparin or GSH-increased acrosome reaction in our experimental conditions. Further studies are necessary to determine the possible effects of heparin on the membranes of those spermatozoa that are resistant to heparin-GSH decondensing mixture.
We have previously shown (Lassalle & Testart, 1989 ) that oocyte treatment with GSH before insemination increased penetration rate:polyspermic oocyte rate ratios. Oocyte treatments with heparin-GSH before, at the same time as insemination or 60 min later have no effect on fertilization (authors' unpublished data). However, treatments of oocytes at the time of insemi¬ nation or later also included treatment of spermatozoa. We have observed that none of the sper¬ matozoa that attached to the egg membrane decondensed even after treatment with heparin-GSH at the time of insemination. These results are consistent with the hypothesis that fertilizing spermatozoa are highly resistant to heparin-GSH pretreatment.
Heparin covalently linked to albumin and coupled to colloidal gold (5 nm) could reveal heparin-binding sites on the surface of spermatozoa, but that marker cannot penetrate the sperm membrane. Treatment of spermatozoa with heparin-gold conjugate did not modify either nuclear decondensation, motility or binding of spermatozoa to the oocyte when added before or during sperm-egg interaction. Only a small proportion (23%) of spermatozoa bound to oocytes were labelled with heparin-gold conjugate and labelling consisted of some dark grains observed mainly on sperm heads. In contrast 40-5% of untreated spermatozoa recovered in the 90% Percoli fraction were heparin-gold labelled and labelling was clearly visible.
Our results show that a high capacity for decondensation of human spermatozoa was not associated with a higher fertilizing competence and that a major proportion of motile spermatozoa do not bind heparin on their membranes. Heparin seemed to induce nuclear decondensation artificially especially in frozen-thawed spermatozoa with fragile membranes, and to facilitate internalization of GSH into the sperm nucleus. This suggested that heparin has a specific effect on membranes of spermatozoa. Moreover, we observed a close relation between motility and the inability of spermatozoa to bind heparin. However, a role for heparin in the membrane of motile spermatozoa could not be excluded because of the decrease in oocyte-spermatozoa binding after treatment with heparin. Pretreatment with heparin-GSH followed by Percoli gradient centrifu¬ gation allows the elimination of a sperm population that is unable to fertilize. Although only one in six spermatozoa among the selected population had the capacity to recognize the egg plasma membrane, the fertilization rate was not modified. This strategy for 'selective exclusion' of certain populations of spermatozoa may be useful to define more clearly the 'fertilizing spermatozoa', or to facilitate the choice of the right spermatozoon for fertilization by procedures for microinjection of
